Rhei Rhizoma, called Dahuang in Chinese, is one of the important herbal drugs widely used as a purgative and antiinflammatory agent. In traditional Chinese formulations and over-the-counter drugs, Dahuang is also used for the treatment of oketsu (various syndromes caused by the obstruction of blood circulation such as dysmenorrhea, etc.). 1, 2) In the Chinese Pharmacopoeia, 1) the official Dahuang is prescribed for the dried rhizome and root of Rheum palmatum L., R. tanguticum MAXIM. ex BALF., and R. officinale BAILLON of the family Polygonaceae. On the other hand, the Japanese Pharmacopoeia 3) prescribes not only the above three species but also R. coreanum NAKAI, and their interspecific hybrids as the botanical origins for Rhei Rhizoma. Since Rheum plants are self-incompatible in nature 4) and have been hybridized at random since ancient times, morphologically intermediate forms (in the shape of the leaf blade, color of flowers, etc.) are frequently present. This situation made the taxonomic identification of Rheum plants very difficult. Accordingly, Dahuang derived from Rheum species has not been identified correctly and its quality has varied depending on differences in markets and production areas. Some Dahuang from Gansu Province, China, contained less sennoside A than that indicated in the Japanese Pharmacopoeia (our unpublished data). Moreover, the underground parts of R. franzenbachii MUNT., R. rhaponticum L., R. undulatum L., and R. spiciforme ROYLE, which have been used as folk medicines under the names Shan-dahuang, Tu-dahuang, Wadaio, and Chu-tsa in China, Japan, and Tibet, respectively, were sometimes confused with official Dahuang. Identification of Dahuang was primarily based on the histologic characteristics of Rheum rhizomes, 5, 6) although these characteristics are influenced by plant growth and environmental conditions. Recently, DNAbased polymorphic assay were found to provide valuable information necessary to resolve taxonomic problems.
et al. described the nucleotide sequences of the chloroplast trnL/trnF gene region of 13 Rheum species to discriminate R. palmatum, R. tanguticum, and R. officinale from adulterated species. 9) However, their phylogenetic relationship and the identification markers for each species have not been clarified. The matK gene sequence has been widely employed as a powerful tool in examining inter-and intragenus phylogeny due to its high substitution rate. 10, 11) As a part of our study on the quality evaluation of Dahuang, DNA analysis of the matK gene region was performed on R. palmatum, R. tanguticum, R. officinale, and six other Rheum species to clarify their phylogenetic relationship, and further to develop a correct identification method for plants and drugs. Moreover, the 18S ribosomal RNA gene sequences of nine species were elucidated.
MATERIALS AND METHODS
Materials Fifty-six plant specimens investigated were identified carefully according to the definition of Kao 12, 13) as nine Rheum species belonging to four sections. The nine species are: R. palmatum, R. tanguticum, R. officinale, and R. coreanum of section Palmata, R. rhaponticum, R. franzenbachii, and R. undulatum of section Rhapontica, R. kialense of section Acuminata, and R. przewalskyi of section Spiciformia. The plant specimens used in this study are summarized in Table 1 . Ten drug samples of Dahuang were purchased from Chinese markets near the fields of Rheum species and from Uchida Wakanyaku Co., Ltd. (Tokyo, Japan) ( Table 2 ). Places where plant specimens were collected and production areas of drug samples are shown in Fig. 1 . Both plant specimens and drug samples are deposited in the Museum of Materia Medica, Institute of Natural Medicine, Toyama Medical and Pharmaceutical University (TMPW). Isolation of Total DNA, PCR Amplification, and Sequencing Reaction Total DNA was extracted from 50-100 mg of dried or fresh leaves of the plant specimens using the DNeasy TM Plant Mini Kit (QIAGEN, Germany), and from herbal drug samples using the CTAB method described in our previous paper. 14) PCR amplifications of the trnK gene, partial matK gene, and complete 18S rRNA gene were performed using 10-100 ng of total DNA as a template in 50 ml of reaction mixture, consisting of 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, 1. The numerals indicate specimen code numbers shown in Table 1. GAT GGA GTA G-3Ј) for the trnK gene; matKAF (5Ј-CTA TAT CCA CTT ATC TTT CAG GAG T-3Ј) and matK8R (5Ј-AAA GTT CTA GCA CAA GAA AGT CGA-3Ј) for the partial matK gene; 18S5ЈF (5Ј-CAA CCT GGT TGA TCC TGC CAG T-3Ј) and 18S3ЈR (5Ј-CTG ATC CTT CTG CAG GTT CAC CTA C-3Ј) for the 18S rRNA gene. PCR amplifications were carried out in a Thermal Controller PTC 100 (MJ Research Inc., U.S.A.) with the following cycling conditions: trnK gene, hot start at 94°C for 1 min, followed by 35 cycles of 94°C for 40 s, 45°C for 40 s and 72°C for 4 min, and final extension at 72°C for 15 min; partial matK gene, hot start at 94°C for 1 min, followed by 40 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min, and final extension at 72°C for 30 min; and 18S rRNA gene, one cycle consisting of 94°C for 3 min and 65°C for 8 min, followed by 35 cycles of 94°C for 40 s and 65°C for 8 min, and final extension at 72°C for 30 min. The 1/10 volume of the resulting PCR product was detected by 1.0% agarose gel electrophoresis and then the remaining part was purified using a QIAquick PCR Purification Kit (Qiagen, Germany). Sequencing reactions of the purified PCR products were carried out using a Thermo Sequenase Cycle Sequencing Kit (Amersham, U.S.A.) with a set of fluorescent-labeled sequencing primers.
Sequencing and Phylogenetic Analysis Each sequence was determined directly with a 4000L DNA Sequencer (LI-COR, U.S.A.) and analyzed using the BaseImagIR program (Version 4.0, LI-COR, U.S.A.). The DNA sequences obtained were assembled, and consensus sequences were constructed using the AutoAssemble program (Version 1.3.0, Applied Biosystems, U.S.A.). The boundaries of exon and intron, as well as the open-reading frame (ORF) of the trnK gene (matK gene) were defined by comparison with the sequence of tobacco (Nicotiana tabacum), 15) using the computer program GENETYX-SV/RC (Version 11.0, GENE-TYX Co., Japan). The nucleotide sequence data of complete or partial matK gene and complete 18S rRNA gene were deposited in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the accession numbers shown in Table  1 and Table 4 . The phylogenetic trees based on complete matK gene sequences of 20 plant specimens and on partial matK gene sequences of 56 specimens were constructed using the computer program PAUP* (Version 4.0b10, Sinauer Assoc. Inc., U.S.A.). The UPGMA method was performed with Kimura's two parameters. Parsimony analysis was performed using the Heuristic search method, with treebisection-reconnection (TBR) branch-swapping, MULPARS, a random addition sequence of 50 replicates, and with Fagopyrum tataricum (L.) Gaertn. of the family Polygonaceae (obtained from GenBank with accession number AB093085) as an outgroup. Bootstrap (1000 replications) analysis was performed to estimate the confidence of the topology of the consensus tree.
RESULTS
matK Gene Sequence of Rheum Species The matK gene is an ORF embedded in the intron of the trnK gene coding the transfer RNA for lysine (tRNALys UUU ). The exon of the trnK gene consists of only 70 base nucleotides and is divided into two parts by a long intron of about 2500 bp in length.
15) The aligned trnK gene sequence of R. palmatum, a 5Ј-exon 37 bp in length, was found between positions 2 and 38, the 3Ј-exon (partial) between positions 2537 and 2546, and the matK gene region was defined between positions 742 and 2259. Alignment of a specimen of R. palmatum from Banma Co., Qinghai Province, China, code no. Pq1, which had sequence identical to that of Dahuang available on the Japanese market, is shown in Fig. 2 as a representative. The complete matK gene was found to be 1518 bp in length in R. palmatum, R. tanguticum, R. officinale, R. coreanum, and R. franzenbachi, and showed sequence variation not only interspecies but also intraspecies (Table 3) . Fifteen sites of nucleotide substitutions were detected in 15 specimens of R. palmatum, and two sites of substitutions in two specimens of R. tanguticum. A total of 28 sites of nucleotide substitutions were observed in 20 specimens of five Rheum species. To clarify the phylogenetic relationship of each specimen of R. palmatum and R. tanguticum and to determine the marker sequence for identification, the sequence analysis of 56 specimens of nine Rheum species was performed on the partial matK gene region, which was easily amplified by PCR with the universal primers.
16) The partial matK gene was found to be 1265 bp in length in R. palmatum, R. tanguticum, R. officinale, R. coreanum, R. rhaponticum, R. franzenbachii, and R. undulatum, whereas that in R. kialense and R. przewalskyi was found to be 1271 bp due to a 6-bp insertion. For 20 specimens of five Rheum species, the partial gene region of 1265 bp had 25 sites of nucleotide substitutions, and the remaining region of the matK gene (253 bp) had three sites of substitutions, two sites among 15 specimens of R. palmatum and one site among five species. Thus the remaining gene region had few nucleotide differences to affect the above findings. As a result of the sequence comparison of 56 specimens, 51 sites of nucleotide substitutions were observed. Intraspecies sequence variation was found at 16 sites of nucleotide substitutions in R. palmatum, two sites in R. tanguticum, and three sites in R. officinale. However, common sequences within the same species were found at positions 367 and 937 (the nucleotide positions indicate the aligned position, starting from the 5Ј end of the matK gene) in R. palmatum (possessing cytosine and cytosine), R. tanguticum (thymine and thymine), and R. officinale (cytosine and thymine), respectively. R. coreanum had a similar sequence to those of R. officinale. Although 23 sites of substitutions were observed in four species of the section Palmata, common sequences within these species existed at positions 587, 707, and 838 with adenine, cytosine, and cytosine, respectively. Based on the nucleotide differences at these positions, five other species belonging to different sections were separated from section Palmata species. The 37 specimens of R. palmatum, which varied in sequence, could be divided into groups, I, II, and III on the basis of nucleotide substitutions at positions 619, 769, 883, and 1061. The result of phylogenetic analysis revealed that each specimen of the three groups belonged to three subclades, RpI, RpII, and RpIII, respectively (Figs. 3, 4) . Group III was separated from groups I and II by the nucleotide differences at positions 883 and 1061, and group I and II were distinguished from each other by the nucleotides at positions 619 and 769.
Phylogenetic Analysis of Rheum Species The phylogenetic tree constructed on the basis of complete matK gene se-quences of 20 specimens of five Rheum species using the UPGMA method showed that R. franzenbachii is located at a basal position and the remnant belonged to two clades ( Fig.  3: left) . The specimens of R. officinale, R. coreanum, and R. tanguticum formed one clade, which was divided into two subclades (ROC and RT). The specimens of R. palmatum formed another clade, which was divided into three subclades (RPI, RPII, and RPIII) according to their distribution areas. Parsimony analysis produced only one most parsimonious tree (Fig. 3: right) , which revealed similar topology to the tree yielded by the UPGMA method. Clade ROC/RT, subclade RPI, and subclade RPIII were well supported by high bootstrap values of 84%, 84%, and 68%, respectively. However, the subclade RPII was not supported. The phylogenetic relationship of five Rheum species was highly consistent with that revealed in the trees constructed using partial matK gene sequences of 56 specimens belonging to nine Rheum species. The trees constructed using the UPGMA method (Fig. 4: left) and the strict consensus tree of the six most parsimonious trees (Fig. 4: right) showed similar topology. Several clades were settled for section, species, and distribution area. R. kialense and subsequently R. przewalskyi were placed at the basal position in both phylogenetic trees. The other species were grouped into two clades with a high bootstrap value (96%). R. rhaponticum, R. franzenbachii, and R. undulatum of section Rhapontica formed one clade, whereas R. officinale, R. coreanum, R. tanguticum, and R. palmatum of section Palmata formed another clade. Clade ROC/RT, subclade RPI, and subclade RPIII were supported by bootstrap values of 63%, 50%, and 61%, respectively. Subclade RPII was defined in the tree using the UPGMA method, but was not in the tree using the maximum parsimony method. All specimens of R. palmatum obtained from Qinghai Province were classified under subclade RPI. On the other hand, most of the specimens collected from Sichuan Province were separated into two subclades, RPI (those from the northwestern part) and RPIII (those from the central to southern part). Nearly 70% of specimens collected from Gansu Province were in RPII, whereas the remaining ones were in RPIII. Specimens from the same site in Yunnan Province belonged to RPII and RPIII.
Identification of Rhei Rhizoma from China
The official species of Dahuang could be demarcated by observing the nucleotide sequences at positions 587, 707, and 838. R. palmatum, R. tanguticum, and R. officinale could be identified by the nucleotide differences at positions 367 and 937. Moreover, the sequences at positions 619, 769, 883, and 1061 were used to divide three groups of R. palmatum. By comparing the sequences of 10 drug samples with the above species-specific sequences, their botanic origins and genotypes were determined. When the sequence data of drug samples were taken together with those of plant specimens, the phylogenetic tree was constructed as depicted in Fig. 4 . All drug samples were from official species. The sample obtained from Huangnan, Qinghai Province (D2), was found to be derived from R. tanguticum, while that obtained from Wanyuan, Sichuan Province (D4), was from R. officinale, and the other eight samples were found to be derived from R. palmatum. The sequence of drug sample D2 was identical to that of the plant specimen T1 (from Huangzhong) and T2 (from Huangnan), and that of D4 was identical to that of the plant specimen O4 (from Wanyuan). Among samples origi- 1 2 2 2 2 3 3 3 3 4 4 4 4 5 5 5 5 6 6 6 6 6 6 7 7 7 7 7 7 7 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 9 0 0 0 0 1 1 2 2 3 4 4 4 5 1 2 6 7 0 1 6 6 1 4 5 5 2 3 8 8 1 1 1 1 7 9 0 1 2 3 4 6 9 0 2 3 5 5 8 9 1 1 3 5 5 5 5 5 5 6 8 3 4 6 7 1 1 4 5 5 1 9 Clade 1 2 8 2 4 0 2 7 5 7 7 3 1 8 2 1 5 7 2 5 6 9 6 6 7 1 5 9 3 9 1 3 8 8 2 9 3 7 2 8 7 0 1 2 3 4 5 1 4 2 9 1 2 2 4 6 7 4 6 7 Rheum
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U1, 2 * * * * * * * * * * * A A * * * T G * * * C * * G * * * A G T * * A * C * * * * * ------* * * * * * * * T * RR U3 * * * * * * * * * * * A A * * * T G * * * C * T G * * * A G T * * A * C * * * * * ------* * * * * * * * * * RR R. przewalskyi S1 * * A G * * T * A * * A * * T * * G * * * C * * G G G nating from R. palmatum, sample D1 (from Banma, Qinghai Province) had an identical sequence to specimen Pq1 from Banma, belonging to subclade RPI. Two samples from Sichuan Province, D9 from Shimian and D3 from Jiulong, had identical sequence to specimens Ps7 from Shimian, and Ps8-10 from Kangding, respectively, both belonging to subclade RPIII. Four samples from Gansu, D6, D7, and D10 from Li, and D8 from Diebu, had identical sequence to specimens Pg25 etc. from Li, Tanchang, and Min, and Pg34 from Zhouqu, respectively, both belonging to subclade RPII. The sequence of sample D5 from Zhongdian, Yunnan Province, corresponded to that of specimens Py23 etc. from Dali, Yunnan, and Pg25 etc. from Gansu, of subclade RP II.
18S rRNA Gene Sequence of Rheum Species The entire 18S rRNA gene sequences of nine Rheum species were found to be 1811 bp in length. Ten sites of nucleotide substitutions were observed at positions 234, 283, 650, 671, 821, 1410, 1717, and 1731, and two indels at positions 669 and 676 (Table 4 ). There were no intraspecies substitutions. Moreover, specimens belonging to the same section had the identical sequence. Four species of section Palmata had adenine, thymine, cytosine, and cytosine, whereas four species of section Rhapontica had thymine, adenine, thymine, and thymine at positions 234, 671, 821, and 1731, respectively. A 1-bp deletion was observed at position 669 in the former species, and at 676 in the latter ones. Although the sequence of R. przewalskyi of section Spiciformia was partially similar to that of section Palmata, four sites of substitutions were observed. R. kialense of section Acuminata had its own specific sequence. In total, R. palmatum, R. tanguticum, R. officinale, and R. coreanum of section Palmata were distinguished from the other species of different sections based on the nucleotide difference at position 234, namely, section Palmata had adenine, section Rhapontica thymine, and sections Spiciformia and Acuminata cytosine.
DISCUSSION
The present study was designed to clarify the phylogenetic relationships of genus Rheum, especially of the three species used as the official Dahuang in China and to determine the identification markers of the three species. Complete matK gene sequences (1518 bp) of 20 specimens and partial sequences (1265 bp or 1271 bp) of 56 specimens were elucidated. Accordingly, not only interspecies but also intraspecies nucleotide substitutions were observed. Since Panax ginseng and Panax quinquefolius previously examined did not show such sequence variation within the same species, 8) the phenomena observed in Rheum species may be related to their self-incompatibility. However, plants growing in neighboring areas had the same or similar matK gene sequences as usual, due to the maternal inheritance of the matK gene. Nevertheless, the wide range of sequence variations existing in R. palmatum suggested that several types of R. palmatum may be distributed in China. Based on complete and partial matK gene sequences, the specimens of R. palmatum were divided in the phylogenetic tree into three groups under the subclades RPI, RPII, and RPIII. Among them, only subclade RPII was not supported in the phylogenetic tree using the maximum parsimony method. The areas of specimen production that could be expected by their subclade were examined. Accordingly, specimens from the southeastern part of Qinghai to the northwestern part of Sichuan were classified in subclade RPI, those from Gansu were in subclade RPII, and those from the central to southern part of Sichuan were in subclade RPIII. However, some of the cultivated specimens obtained from Li, Tanchang, and Min in Gansu were in subclade RPII and others under RPIII, although both were growing in the same or neighboring field. In those from Dali in Yunnan, specimens with a cultivation history of more than 100 years were in subclade RPIII, while recently cultivated ones were classified in RPII (from the information from our field investigation). Specimens cultivated in Shimian in Sichuan belonged to all subclades, RpI, RPII, and RPIII. Such confusion was presumed to be a result of seed transportation and artificial fertilization for the purpose of propagation. In the case of wild plants, specimens from the northwestern part of Sichuan belonged to subclade RPI, those from the central part of Sichuan to RPIII, and those from Gansu to RPII. The phylogenetic analysis demonstrated a closer relationship between R. tanguticum and R. officinale. The section Rhapontica composed of R. undulatum, R. rhaponticum, and R. franzenbachii was different from section Palmata of R. tanguticum, R. officinale, and R. palmatum with a high bootstrap value of 96%.
The result of sequence comparison of the matK gene revealed that the key nucleotides differentiating official species (section Palmata) from others existed at positions 587, 707, and 838, and the marker nucleotides for the identification of R. tanguticum, R. palmatum, and R. officinale were at 367 and 937, while those for determining the three groups of R. 
